Introduction {#Sec1}
============

Grape berry growth and ripening is a process following a double sigmoid developmental curve (Coombe [@CR15]; Conde et al. [@CR14]). The complex morphological and physiological processes taking place during ripening can be disturbed leading to physiological ripening disorders (or shrivel disorders) such as bunch stem necrosis (BSN), late-season dehydration and berry shrivel (BS), also named sugar accumulation disorder (SAD) (Krasnow et al. [@CR35]) or suppression of uniform ripening (SOUR) (Bondada [@CR5]). Although these shrivel disorders lead to the same final symptom, shriveled berries, they are distinct in causes, development processes and speed (Bondada and Keller [@CR6]; Griesser et al. [@CR25]).

The present work focuses on BS, a shrinking disorder affecting some *Vitis vinifera* cultivars of highly economic relevance, including Cabernet Sauvignon (Krasnow et al. [@CR36]; Bondada and Keller [@CR6]), Sauvignon blanc (Raifer et al. [@CR41]) and Blauer Zweigelt (Knoll et al. [@CR34]; Griesser et al. [@CR25]). The symptoms associated with BS have been well described as loss of turgor, high acidity, low pH, low anthocyanin and sugar contents as well as cell death in the berry mesocarp and the rachis (Krasnow et al. [@CR36]; Hall et al. [@CR28]; Bondada and Keller [@CR6]; Griesser et al. [@CR25]; Bondada [@CR5]). However, the actual causes of BS remain unknown, and the timescale of BS symptom induction is under discussion. The current knowledge suggests no effects on berry development until veraison as seeds are fully developed and able to germinate (Hall et al. [@CR28]; Bondada and Keller [@CR6]).

Grape quality strongly relies on contents of sugars and secondary metabolites. Grape berry cells accumulate hexoses, especially glucose and fructose, in their vacuoles with concentrations up to 1 M when fully ripen (Fontes et al. [@CR23]). This high sugar content accumulates after veraison during the ripening process, when sugars are unloaded from phloem through an apoplastic process (Coombe [@CR15]; Zhang et al. [@CR53]; Kuhn et al. [@CR37]). Veraison marks the shift from symplastic to apoplastic phloem unloading in grapevine berries (Zhang et al. [@CR53]). The combined action of cell wall invertases (CWI) and hexose transporters (HT) retrieves sucrose from the apoplast into berry mesocarp cells (Hayes et al. [@CR30]). Further transport into vacuoles occurs either by sucrose transporters or after cleavage through cytosolic invertases by tonoplast monosaccharide transporters (TMT) (Kuhn et al. [@CR37]; Lecourieux et al. [@CR39]). Polyphenols are among the compounds contributing to sensorial and visual attributes of wines. Their general functions in plants mainly lie in seed dispersion (Harborne [@CR29]), and plant defense towards abiotic (like UV-B light) and biotic stresses (Carbonell-Bejerano et al. [@CR9]). Anthocyanins give the color in red skinned grape varieties and are produced by the phenylpropanoid and flavonoid pathways with phenylalanine as precursor (Sparvoli et al. [@CR45]). Color intensity strongly depends on the concentration and composition of anthocyanins, whose biosynthetic pathways and external factors influencing these routes are well characterized (Kliewer [@CR33]; Dokoozlian and Kliewer [@CR21]; Keller and Hrazdina [@CR32]; Bogs et al. [@CR4]; Mori et al. [@CR40]). The correlation between sugar accumulation and anthocyanin biosynthesis has been observed in vivo and in vitro, showing differences in anthocyanin production depending on type and concentrations of hexoses and sucrose (Afoufa-Bastien et al. [@CR2]; Acevedo et al. [@CR1]; Dai et al. [@CR16]). Abscisic acid (ABA) has been identified as a triggering factor for anthocyanin biosynthesis (Castellarin et al. [@CR10]), although sucrose has been suggested to induce anthocyanin biosynthesis without the need of ABA (Dai et al. [@CR16]).

Main BS symptoms are low anthocyanin contents and blockage of sugar accumulation in berries. The physiological background leading to these observed symptoms and the knowledge of the molecular mechanisms behind BS induction and BS symptoms are very limited. Therefore, the objectives of the present study are to analyze key functions in polyphenol metabolism and sink establishment in pre-symptomatic as well as symptomatic BS berries in comparison to healthy berries. Thereby we aim (1) to analyze the polyphenol production in BS symptomatic grapes and the expression of polyphenol biosynthesis related genes in both pre-symptomatic and symptomatic BS berries, and (2) to monitor the phloem unloading process in pre-symptomatic and symptomatic BS berries analytically by HPAEC-PAD and the expression of key genes responsible for sugar cleavage, transport and sink activity.

Materials and methods {#Sec2}
=====================

Plant material {#Sec3}
--------------

Plant material used in this and a previous study (Griesser et al. [@CR26]) was obtained from distal parts of grape clusters from a commercial vineyard in lower Austria (Antlasberg, Mailberg GPS coordinates 48.6667, 16.1833), which has a history of high BS incidence according to the owner. The vineyard was planted in 1974 with the *Vitis vinifera* L. cultivar Zweigelt (syn. Blauer Zweigelt) grafted on Kober 5BB (*V. riparia* × *V. berlandieri*) with vertical shoot with bilateral canes as trellising system and individual vine space of 4.2 m^2^ and a yield expectation of 9000 kg per hectare without any cluster thinning. The details concerning soil composition and nutrients availability are described elsewhere (Griesser et al. [@CR26]). In total, 300 grape clusters were randomly labeled within the vineyard 2 weeks after anthesis (16.06.2011). Starting with BBCH79 (majority of berries touching), soluble solids (Digital refractometer, Atago PAL-1, Tokyo, Japan) were determined on a weekly basis on single berries of all labeled grape clusters. Ten individual berries (pedicel included) were collected from labeled clusters every week, and they were immediately frozen in liquid nitrogen. Berries were collected at six sampling time points \[from BBCH79 till BBCH89 (berries ripe for harvesting)\] for further analyses: 22.07. (42 days after anthesis, DAA), 29.07. (49 DAA), 4.08. (55 DAA), 11.08. (62 DAA), 17.08. (68 DAA) and 24.08. (75 DAA) (Fig. S1 and Fig. S2). They were sampled from each cluster only once to allow an adequate a posteriori categorization of labeled grape clusters into healthy or BS-affected. Such categorization occurred on the 09.09.2011 by visual evaluation and by soluble solids measurement. In total, 37% of labeled grape clusters developed BS symptoms. No differences were observed between proximal and distal clusters, as previously evidenced (Knoll et al. [@CR34]). Frozen berries were selected according to their a posteriori categorization, and used for further analyses with four biological replicates per sample category and sampling time point (total 48 samples). Each of the samples used for analyses was a mix of two probes collected in the vineyard. Seeds were removed and plant material was homogenized with a ball mill (Retsch MM400, Haan, Germany) under cold conditions to prevent thawing.

Measurement of total anthocyanin content {#Sec4}
----------------------------------------

Total anthocyanin content was measured following the pH differential method (Wrolstad et al. [@CR52]; Fang et al. [@CR22]; Griesser et al. [@CR25]). Four biological replicates were used and results were corrected to the dry weight (DW).

Polyphenol analysis {#Sec5}
-------------------

Anthocyanins and other selected polyphenols were extracted and analyzed using a validated liquid chromatography--tandem mass spectrometry (LC--MS/MS) method (Schoedl et al. [@CR44]). Analyses were performed with grape berry samples collected on the 24.08.2011 (75 DAA). 100 mg of homogenized plant material was extracted twice each for 10 min in 1 mL of extraction solvent \[0.02% hydrochloric acid (v/v) in 80% aqueous MeOH (v/v)\] using ultrasonication in ice cold water. The combined extracts were diluted 1:1 with 0.5% aqueous (v/v) formic acid in water and 5 μL of the diluted extract were injected into the LC--MS/MS system. Detection and quantification was performed using a 4000 QTrap LC--MS/MS system (AB Sciex, Foster City, CA, USA) equipped with a TurboIonSpray electrospray ionization (ESI) source and a 1290 series HPLC system (Agilent, Waldbronn, Germany). Chromatographic separation was obtained at 40 °C on a Gemini RP-18 column, 100 × 2 mm inner diameter, 3 μm particle size (Phenomenex, Torrance, CA, USA) protected with a Gemini 3.0 × 2 mm guard column (Phenomenex) using gradient elution. The mobile phase consisted of (A) 0.5% formic acid in H~2~O and (B) 0.5% formic acid in MeOH. The flow rate was 400 µL min^−1^ and the total run time 22 min. Selected reaction monitoring (SRM) mode in negative polarity was performed with the following settings: source temperature, 550 °C; curtain gas, 10 psi (69 kPa of maximum 99.5% nitrogen); ion source gas 1 (source heating gas), 50 psi (345 kPa of nitrogen); ion source gas 2 (drying gas), 50 psi (345 kPa of nitrogen); ion spray voltage, −4000 V. External calibration was applied for quantification (Schoedl et al. [@CR44]). To putatively identify conjugated anthocyanins in a second analysis step, SRM transitions (De la Cruz et al. [@CR20]; Sapozhnikova [@CR43]) were included into the method and acquainted using the positive ionization mode.

Sugar analysis {#Sec6}
--------------

Extraction and analysis of carbohydrates were performed as previously described (Guignard et al. [@CR27]). Briefly, 100 mg of powdered grape material was mixed with 1 mL of ethanol 80%. This mixture was homogenized using a vortex for 30 s and shaken for 30 min at 4 °C. After centrifugation at 10,000*g* for 10 min at 4 °C, the supernatant was collected. An additional extraction was done on the pellet using the same extraction solvent (0.5 mL). The supernatants were pooled and evaporated to dryness in a SpeedVac concentrator (Heto, Thermo Electron Corporation, Waltham, MA, USA). Carbohydrates were re-suspended in 1 mL of water and the suspension was filtered through a 0.45 µm Acrodisc PVDF syringe filter (Sigma Aldrich, St. Louis, MO, USA) prior to analysis using high performance anion exchange chromatography coupled with pulsed amperometric detection (HPAEC-PAD).

RNA extraction and qPCR analyses {#Sec7}
--------------------------------

Total RNA was extracted from frozen berries according to a modified protocol (Reid et al. [@CR42]) and qPCRs were performed as described in Griesser et al. ([@CR26]). The following chemicals were used: Amplification Grade DNase 1 (Sigma Aldrich) for DNA digestion, GoScript Reverse Transcription System (Promega, Madison, WI, USA) for cDNA synthesis, 2X KAPA SYBR FAST qPCR Universal (Peqlab, Erlangen, Germany) for qPCRs. Cycling conditions were as follows: activation 4 min at 95 °C, 40 cycles for 8 s at 95 °C, 20 s at 60 °C, 30 s at 72 °C and 5 s at 75 °C with fluorescence measurement. Most stable reference genes were tested according to Normfinder calculation (Andersen et al. [@CR3]). Among the tested reference genes (actin (VIT_04s0044g00580), ef1 (VIT_06s0004g03220), gadph (VIT_17s0000g10430) and ubiquitin (VIT_16s0098g01190)), actin and ubiquitin gave the best combination for our qPCR analyses. Genes related to the anthocyanin pathway and sugar metabolism and transporter were tested with qPCR (Table S1).

Enzyme activity {#Sec8}
---------------

Vacuolar invertase (VI), cell wall invertase (CWI) and cytosolic invertase (CI) assays were performed with 40 mg of whole berry fresh weight (FW) \[adapted from (Gibon et al. [@CR24])\]. Soluble proteins (VI and CI) were obtained after incubation in 400 µL of extraction buffer (50 mM Hepes, 0.25% BSA, 10 mM MgCl~2~, 1 mM EDTA, 1 mM EGTA, 1 mM E-aminocaproic acid, 1 mM benzamidine, 25 mM sorbitol, 2 mM leupeptin, 50 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM DTT, 1% triton, 20% glycerol, 1% polyvinylpyrrolidone (PVP), 1% polyvinylpyrrolidone (PVPP) for 10 min on ice and centrifugation at 4 °C with 10,000*g* for 10 min. From the resulting pellet, insoluble proteins were extracted in 400 µL NaCl high salt buffer (1 M NaCl, 50 mM Hepes, 0.25% BSA, 10 mM MgCl~2~, 1 mM EDTA, 1 mM EGTA, 1 mM E-aminocaproic acid, 1 mM benzamidine, 25 mM sorbitol, 2 mM leupeptin, 50 mM PMSF, 10 mM DTT, 1% triton, 20% glycerol, 1% PVP, 1% PVPP for CWI reaction). VI and CWI quantification occurred in a two-step assay with sodium acetate/KOH pH 4.5. Reactions (5 µL extract, reaction volume 20 µL) started by adding of 20 mM sucrose for 20 min followed by an inactivation step at 95 °C. Glucose and fructose formations were monitored in a second step at pH 7 after adding 80 µL detection buffer (0.2 M Hepes pH 7, 1 U mL^−1^ glucose-6-phosphate-dehydrogenase (G6PDH), 1 U mL^−1^ hexokinase (HXK), 1 mM ATP and 1 mM NAD). NADH synthesis was quantified at 340 nm (Microplate reader FLUOstar Omega, BMG Labtech, Offenburg, Germany). CI activity tests were run in a one-step assay as invertase reaction and detection were performed simultaneously at pH 7 (50 mM Hepes pH 7, 20 mM sucrose in the samples, 1 U mL^−1^ G6PDH, 1 U mL^−1^ HXK, 1 mM ATP and 1 mM NAD). Standards calibration curves were included and calculations were performed with the software Optima MARS Data Analysis (BMG Labtech, Offenburg, Germany) by the slope linear regression function. Results are expressed as nmol/min.

Statistical analysis {#Sec9}
--------------------

qPCR expression analyses were calculated as normalized relative quantities (NRQ) with the R package easyqPCR (Le Pape [@CR38]). All statistical comparisons were conducted using IBM SPSS Statistics 21. Normal distribution of data sets was tested using the Shapiro--Wilk test. Outliers were determined according to Grubb interquartile rules for sugars and qPCR analyses. Significant differences were tested by comparison of healthy and BS-affected berries with Student's *t* test (*P* \< 0.05) if normal distribution was ensured, otherwise non-parametric Mann--Whitney *U* tests were conducted.

Results {#Sec10}
=======

Effects of BS induction on polyphenol biosynthesis {#Sec11}
--------------------------------------------------

A reduction in total anthocyanins and soluble solids was observed in BS affected berries starting from 75 DAA (Fig. S3b). A highly selective and sensitive LC--MS/MS method was applied to a subset of samples (75 DAA) to further investigate polyphenol metabolism in BS grape berries. Additionally, we analyzed the expression level of key phenylpropanoid and flavonoid biosynthetic genes in pre-symptomatic and symptomatic BS berries. Both results are schematically shown in Fig. [1](#Fig1){ref-type="fig"}. Among the 32 tested polyphenols, some were found to be under the detection limit (Table S2), including anthocyanidins \[aglycons of the anthocyanins delphinidin (DEL) and cyanidin (CYA)\]. Therefore, further analyses were conducted to analyze the conjugated forms of these analytes. Nine CYA and DEL metabolites were putatively identified based on mass spectra and chromatographic retention behavior, as suggested in similar studies (Acevedo et al. [@CR1]). For the comparative analysis between healthy and BS samples, the respective integrated peak areas were compared. This detailed analysis revealed that delphinidin-glucosides as well as one of its conjugate (putatively identified as DEL-3-*O*-(6-*O*-p-coumaroyl)-5-*O*-diglucoside,) and cyanidin-glucoside and one of its derivatives (CYA-3-*O*-(6-*O*-p-coumaroyl)-5-*O*-(Ac)-diglucoside) were less abundant in BS than in healthy samples (Fig. [1](#Fig1){ref-type="fig"}). On the contrary, strong increases in caftaric acid, *trans*-resveratrol-3-*O*-glucoside, quercetin-3-*O*-glucuronide and (+)-catechin were observed in BS samples compared to the healthy ones, indicating a differential distribution of assimilates towards earlier branch points within the phenylpropanoid pathway (Fig. [1](#Fig1){ref-type="fig"}). Expression analyses of thirteen key genes of the phenylpropanoid and flavonoid pathways were performed on a timescale with pre-symptomatic and symptomatic (between 42 and 75 DAA) BS berries. In general, gene expression was very similar between healthy and BS berries. Differences ranged, with some exceptions between +2 and −2 fold change, and only some comparisons were found to be significantly different \[e.g., *VviCHI1* and *VviF3H1* with a lower expression at the last sampling date (75 DAA)\]. Expression data as NRQs are shown in Table S3. We observed a significant difference for *VviUFGT* and *VviMYBA1/2* expression levels before veraison, with a lower expression (five- to tenfold) in pre-symptomatic BS berries compared to the healthy ones. With ongoing development, the expression of these genes equalizes between healthy and BS berries. Additionally, transcripts of two genes involved in tannin biosynthesis (*VviLDOX* and *VviLAR2*) were found to be increased at veraison in BS berries.Fig. 1The simplified scheme of the phenylpropanoid and flavonoid pathways combines results obtained for polyphenols with LC--MS/MS and qPCR with selected genes along the biosynthesis pathway. Data are calculated as fold changes (BS in relation to H). Plant material collected on the 24.08.2011 (75 DAA) was used to determine polyphenols in grapevine berries (*n* = 4 each, *P* \< 0.05). Compounds analyzed are named in square boxes. Timescale expression analyses with qPCR of selected genes (blue) were performed 42, 49, 55, 62, 68 and 75 DAA, and results are presented as six boxes near the gene name. The start of ripening (veraison, V) was at 55 DAA and the observation of first obvious symptoms (BS) was at 62 DAA. Green and red boxes indicate down- or up-regulation of the genes and abundance of metabolites, respectively. Bold frames identify significant differences (*n* = 4 each, *P* \< 0.05) between healthy and BS samples. All data (compounds analyzed and expression as NRQ) are shown in Tables S2 and S3

Sink activity in BS affected grapes {#Sec12}
-----------------------------------

Berries become strong sinks and accumulate sugars and nutrients at ripening. Berries affected with BS stop the increase of soluble solids at about 11--13°Brix short after veraison, whereas berries from healthy grape clusters continue to values up to 20°Brix (Fig. S1). Reduced Brix levels were obtained at 75 DAA, while the trend could already be observed 55 DAA at veraison. Detailed analyses of sugars were performed throughout the growing season (Fig. [2](#Fig2){ref-type="fig"}a--c). Healthy berries accumulated sugars throughout the growing season, whereas sugars content (especially sucrose) was lower in BS berries, starting at 55 DAA. Regarding hexose, no significant differences were detected until 75 DAA.Fig. 2Sucrose (**a**), glucose (**b**) and fructose (**c**) content in healthy (H) and berry shrivel (BS) grape clusters at different developmental stages (days after anthesis, DAA) is shown as well as the timescale of enzymatic activity of cell wall invertase (CWI) (**d**), cytosolic invertase (CI) (**e**) and vacuolar invertase (VI) (**f**). Veraison as starting point for ripening is indicated (V) and the first BS symptoms were observed 62 DAA. Data presented are mean values on fresh weight basis ± standard error (*n* = 4 each) and statistical significant differences are indicated with an asterisk (*P* \< 0.05)

The quantification of enzymes of the carbohydrate metabolism did not provide conclusive results in terms of sink activity (Fig. [2](#Fig2){ref-type="fig"}d--f). VI was found to be higher in BS than in healthy berries around veraison and when the first BS-related symptoms are observable, whereas no differences between healthy and BS berries were detected during the ripening process. The amount of CWI is much higher in BS berries than in the healthy ones 68 DAA, when BS symptoms are already visible. No differences in cytosolic invertase (CI) between healthy and BS grapes were obtained at the analyzed time points. As a whole, gene expression results did not provide a sound overview either, meaning similar responses of several genes during BS induction involved in sink establishment and activity. Nevertheless, interesting individual results were obtained (Fig. [3](#Fig3){ref-type="fig"}a--i). The expression levels of *VviCWI* and *VviCINV1* genes are higher in BS berries around veraison (49 and 55 DAA), whereas *VviGIN1* transcript is strongly reduced before veraison (42 DAA). Furthermore, the expression of *VviGIN2* is increased 62 DAA. Regarding sugar metabolism, *VviTMT2* and *VviTMT3* are of special interest, as they are responsible for hexose transport into vacuoles and their expression is repressed before veraison (42 DAA). During the ripening process (68 and 75 DAA) *VviTMT2* expression was found to be strongly reduced in BS berries if compared to healthy berries. Expression data as NRQs are shown in Table S3. Fig. 3Relative expression of *VviCWI* (**a**), *VviCINV* (**b**), *VviGIN1* (**c**), *VviGIN2* (**d**), *VviHT1* (**e**), *VviHT3* (**f**), *VviTMT1* (**g**), *VviTMT2* (**h**) and *VviTMT3* (**i**) in berries of healthy (H) and berry shrivel symptomatic (BS) grapes at different developmental stages (days after anthesis, DAA) are shown as NRQs. Veraison as starting point for ripening is indicated (V) and the observation of first obvious symptoms (BS) was 62 DAA. Data shown are normalized relative quantities, representing mean values ± standard error and statistical significant differences are indicated with an asterisk (*n* = 4 each, *P* \< 0.05)

Discussion {#Sec13}
==========

The main symptoms of the physiological ripening disorder BS are lower soluble solids and total anthocyanin contents shortly after the onset of berry ripening. Despite the importance of sugars and anthocyanins for grape berry quality, no details on both processes during BS induction and symptom development have been reported so far. Herein we present results of an integrative approach to investigate and characterize the sugar transport and metabolism and the biosynthesis of polyphenols in symptomatic and pre-symptomatic grape berries.

Gene expression analyses revealed lower transcript levels of the anthocyanin biosynthesis genes *VviUFGT*, *VviMYBPA1* and *VviMYBA1/2* in BS berries before and around veraison. These three genes are responsible for the final step of anthocyanin biosynthesis in grape skins, and *VviMYBA1/2* was proposed as an early molecular marker for color development (Castellarin et al. [@CR10]). Therefore, the start of ripening in grapes developing BS symptoms seems to be disturbed with respect to anthocyanin biosynthesis. Analytical determination of polyphenols (and especially anthocyanins) confirmed expression analyses. Reduced amounts of delphinidin glucoside and cyanidin glucoside conjugate forms were detected in BS berries, while caftaric acid, some flavonols and flavan-3-ols and other non-glycosylated phenylpropanoid conjugates were present in slightly higher amounts. Glycosylated molecules usually have higher energetic costs for their biosynthesis, which could be a limiting factor in the case of BS berries (Teixeira et al. [@CR48]). The main metabolic precursors for polyphenols are sucrose and phenylalanine. Whereas similar content in BS and healthy berries have been reported for the amino acid phenylalanine (Griesser et al. [@CR25]), we found a reduced content of sucrose in BS berries. Sucrose and hexoses have an important role as signaling molecules that trigger the expression of genes involved in anthocyanin biosynthesis (Hiratsuka et al. [@CR31]; Castellarin et al. [@CR10]). The necessity of a given concentration of sugar for triggering anthocyanin synthesis has been described in in vitro culture berries (Dai et al. [@CR16]). Apart from sugars, the onset of ripening in grape berries is coordinated by phytohormones, and the contribution of ABA (Davies et al. [@CR19]), auxins (Bottcher et al. [@CR7]), brassinosteroids (Symons et al. [@CR47]) and ethylene (Sun et al. [@CR46]) is already known. At veraison, the content of auxins are reduced, whereas ABA increases dramatically starting the ripening process, driving to berry softening and anthocyanin biosynthesis in the skin of red varieties (Davies and Robinson [@CR18]). A delayed reduction of auxin biosynthesis might result in no differences in total anthocyanins content in berries at the end of the ripening season (Bottcher et al. [@CR8]) and it is therefore unlikely to be the cause of the BS symptoms observed. Indeed, auxin content in BS berries is not increased as compared to healthy berries at the onset of ripening. In case of active ABA, the differences were minor, whereas ABA-glucose ester (ABA-GE) contents were much higher in already symptomatic BS berries (unpublished data). In general, ABA can accelerate ripening, while the absence of ABA delays it (Mori et al. [@CR40]; Wheeler et al. [@CR51]). A slightly reduced content of active ABA was detected in pre-symptomatic BS berries, but the contribution to BS induction and symptoms development will have to be evaluated in future experiments. In addition, the role of ABA-GE as the transport form of ABA in BS berries needs further consideration in terms of abiotic stress response. Additionally, the process of cell turgor decrease and fruit softening has to be considered as ripening starts (Castellarin et al. [@CR10]). The expression of *VviMYBA1/2* and *VviUFGT* has been shown to be closely linked to osmotic potential, which highly depends on sugar accumulation and seems to be important in the regulation of color development and probably other ripening processes (Wada et al. [@CR50]; Castellarin et al. [@CR10]). Unfortunately, osmolality was not determined in this work, but this measurement could provide additional information in terms of cell compartmentation. Additionally, timescale analyses of polyphenols would be interesting, as samples used in this study did already show BS symptoms.

Sugar accumulation in grape berries starts at veraison, which is associated with a shift from a predominately symplastic towards an apoplastic phloem unloading. Invertases and hexose transporters play important roles in this process of sink establishment (Zhang et al. [@CR53]). Sugar accumulation is hindered in BS berries, as reflected in the soluble solids and sugar analyses performed in this study. The differences in the content of hexoses and sucrose in BS berries compared to berries without symptoms were much lower as we could have expected from soluble solid measurements. In this regard, berry shrinking could have contributed to the concentration of sugars in BS berries once obvious symptoms became visible. The slightly reduced hexose and sucrose contents in BS berries before veraison could be more important for BS induction. Expression analyses in pre-symptomatic BS berries revealed a reduction of *VviGIN1*, *VviTMT2* and *VviTMT3* transcripts, whereas no difference in the expression level of *VviHT1* was detected. In parallel, the expression of *VviCWI* is first slightly lower and 1 week later increased in BS berries before veraison. CWI enzyme is increased in BS berries after BS symptoms are visible, but no differences in enzyme quantities were observed before and around veraison. Cell wall invertase activity before and at veraison is an important step to establish grape berries as sink tissue (Davies and Robinson [@CR17]; Zhang et al. [@CR53]). Combining these data, the phloem unloading of sucrose seems to be well-established in BS berries, whereas the transport into vacuoles could be affected. It is also possible that on a relative scale more sucrose is entering the cytosol of mesocarp cells of BS berries before veraison, as the expression of *VviCINV* and *VviGIN1* is higher in BS berries compared to the healthy ones. Cells must sense the osmotic potential for berry softening, relax the cell walls and control cell turgor for cell expansion (Castellarin et al. [@CR11]). Disturbance in cell compartmentation would highly affect this process of cell growth, and as a consequence, the phloem unloading process and ripening itself. Phytohormones could influence the process, as ethylene and gibberellins influence the expression of sugar transporters and enzymes in grape berries (Chervin et al. [@CR13]; Cheng et al. [@CR12]). In pre-symptomatic BS berries, GA19 is reduced whereas ACC as ethylene precursor is strongly increased (unpublished data). Therefore, direct conclusions are difficult to draw, as different processes seem to be affected.

Other causes for reduced sugar and anthocyanin levels in grapes are plant virus infections. The grapevine leaf-roll-associated virus-2 (GLRa V-3) influences sugar and flavonoid metabolism in leaves and berries. Previous works indicate that fructose and glucose accumulation and the expression of *VviHT1* and *VviMSA* genes can be reduced during the ripening process of virus-infected vines. Same effect was determined for the anthocyanin content and the expression levels of *VviUFGT* and *VviMYBA1* genes (Vega et al. [@CR49]). Biotic causes for BS have not been identified, but due to similarity of symptoms in terms of sugar accumulation and anthocyanin biosynthesis, a deep survey for viruses and endophytes should be conducted.

Conclusion {#Sec14}
==========

The ripening disorder BS affects anthocyanin biosynthesis and the expression of some sugar metabolism genes. As specific induction of BS is not possible, the sampling strategy in vineyards to collect symptomatic and pre-symptomatic grapes is a crucial part for its in-depth analysis. With the current knowledge, it is very difficult to distinguish between primary effects and follow-up symptoms of the BS induction process. One of the key questions to identify the causes of BS is the time point of BS induction. Our data indicate metabolic changes before veraison, including different levels of *VviGIN1*, *VviTMT2*, *VviTMT3*, *VviMYBA1/2* and *VviUFGT* transcripts. The slightly reduced glucose and fructose contents observed in BS affected grapes before veraison could be a consequence of the observed different expression levels for invertases and sugar transporters genes. The low hexose reserves may have delayed the anthocyanin biosynthesis, as it is reflected in a reduced expression of the transcription factor and the biosynthesis gene. The role of phytohormones and other enzymes involved in the berry softening process needs to be considered to complete the picture. BS induction is a complex process and broad scale data analyses (RNASeq, metabolites) are necessary to distinguish between causing events and follow-up processes.
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